Introduction
============

An increasing amount of epidemiological data suggest that obesity plays a vital role in the development of many life-threatening diseases, and especially insulin resistance (IR).[@b1-dddt-9-5727] IR is a chronic low-grade inflammatory disease.[@b2-dddt-9-5727],[@b3-dddt-9-5727] Inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and C-reactive protein (CRP), are highly correlated with IR. Among these, TNF-α has drawn considerable attention because of its various biological effects.[@b4-dddt-9-5727]--[@b8-dddt-9-5727]

TNF-α is mainly released by the mononuclear phagocyte system. It is synthesized as a transmembrane 26-kDa precursor transmembrane tumor necrosis factor-α (mTNF-α), which is cleaved into the secreted 17-kDa form (sTNF-α) by TNF-α converting enzyme (*TACE*) at 76Ala-77Vla in humans.[@b9-dddt-9-5727] mTNF-α and sTNF-α have different structures and functions. It was reported that sTNF-α could induce systemic IR by interfering with insulin signal transduction.[@b3-dddt-9-5727],[@b10-dddt-9-5727] sTNF-α reduces insulin sensitivity by interfering with the tyrosine phosphorylation of insulin receptor substrate (IRS)[@b11-dddt-9-5727] and downregulating glucose transporter-4 (GLUT4) expression.[@b12-dddt-9-5727] Furthermore, sTNF-α plays an important role in promoting adipocyte decomposition and free fatty acid release, thereby aggravating IR.[@b5-dddt-9-5727] In contrast, mTNF-α has much lesser effects on the insulin signaling pathway and lipid metabolism. Xu et al reported that the specific expression of mTNF-α resulted in local, but not systemic, IR and reduced the amount of adipose tissue in mTNF 1--9K11E transgenic mice.[@b13-dddt-9-5727] Additional studies indicated that mTNF-α promoted the formation of adipose tissue, but did not affect insulin-induced glucose metabolism in high-fat diet (HFD)-fed mice.[@b14-dddt-9-5727] Therefore, sTNF-α, which is markedly increased in obesity, is one of the most important inflammatory cytokines that contribute to obesity-induced IR.

*TACE*, also named a disintegrin and metalloproteinase 17 (ADAM17) and CD156b, is the main TNF-α lyase in vivo. It is secreted in a zymogen form, and belongs to the ADAM family. Tissue inhibitor of metalloproteinase 3 (*TIMP3*) is now recognized as a natural inhibitor of *TACE*.[@b15-dddt-9-5727] Extensive research in recent years has suggested that the inhibition of *TACE* might play a key role in ameliorating obesity or IR. Fiorentino et al reported that either increased *TACE* expression and activity or decreased *TIMP3* expression resulted in IR and hepatosteatosis in HFD-fed mice.[@b16-dddt-9-5727] Therefore, the *TACE*/*TIMP3* system is emerging as a key player in IR.

(2*S*,3*R*,4*S*)-4-Hydroxyisoleucine (4-HIL) is a plant-derived structural agent that can lower blood sugar and also correct dyslipidemia. Since it was extracted from the seeds of *Trigonella foenum-graecum* in the 1970s, 4-HIL has aroused widespread interest. Based on in vitro and in vivo data, Broca et al suggested that 4-HIL exerts glucose-dependent insulinotropic effects and decreases fasting blood glucose. They also indicated that 4-HIL could improve glucose tolerance in type 2 diabetes mellitus (T2DM) rats.[@b17-dddt-9-5727],[@b18-dddt-9-5727] According to Singh et al, 4-HIL stimulated glucose uptake in peripheral tissues; therefore, it plays a role in preventing the aggravation of diabetes.[@b19-dddt-9-5727] Moreover, 4-HIL reduced triglyceride and total cholesterol levels and increased the high-density lipoprotein cholesterol/total cholesterol ratio in a dyslipidemic hamster model.[@b20-dddt-9-5727]

Our previous study investigated the effects of 4-HIL on a high glucose-induced IR-like state in 3T3-L1 adipocytes from mice, and found that 4-HIL could remarkably improve the high glucose-induced IR-like state in 3T3-L1 adipocytes.[@b21-dddt-9-5727] The present study aimed to investigate the effects of 4-HIL on an obesity-induced IR-like state and explore the underlying molecular mechanisms behind these effects.

Materials and methods
=====================

Reagents
--------

4-HIL (\>98% purity) was obtained from Sigma-Aldrich (St Louis, MO, USA), dissolved in triple-distilled water at a concentration of 100 mM, stored at −20°C, and then further diluted in cell culture medium immediately before use.

Antibodies against *TACE* and *TIMP3* were purchased from Abcam (Cambridge, UK). Antibodies against IRS-1, IRS-2, phospho-IRS-1 Ser^307^, phospho-IRS-1 Ser^318^, Akt, and phospho-Akt Ser^473^ were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-GLUT4 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti-mouse HRP-conjugated and goat anti-rabbit HRP-conjugated antibodies were also purchased from Cell Signaling Technology. The mouse TNF-α ELISA kit was obtained from Neobioscience (Shenzhen, People's Republic of China).

Penicillin, streptomycin, Dulbecco's Modified Eagle's Medium (DMEM), and fetal bovine serum were obtained from GIBCO BRL Life Technologies (Grand Island, NY, USA). Insulin, 3-isobutyl-1-methylxanthine, dexamethasone, oil red O, and 2-deoxy-\[^3^H\]-[d]{.smallcaps}-glucose (2-DOG) were purchased from Sigma-Aldrich. Protease and phosphatase inhibitor cocktails were purchased from Servicebio (Wuhan Goodbio Technology CO., Ltd, Wuhan, People's Republic of China). The other reagents used in this study were obtained from Sigma-Aldrich.

3T3-L1 cell culture and differentiation induction
-------------------------------------------------

3T3-L1 preadipocytes were purchased from American Type Culture Collection (Manassas, VA, USA), and were grown in DMEM supplemented with 10% fetal bovine serum (complete medium; CM) and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin) in a 37°C incubator containing 5% CO~2~. Confluent 3T3-L1 cells were differentiated in CM supplemented with 25 mM glucose, 10 µg/mL insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 1 µM dexamethasone. On day 2 of differentiation, the adipogenic cocktail was changed to CM with 10 µg/mL insulin. The cells were cultivated in CM until day 4 and were then refed every other day.[@b22-dddt-9-5727],[@b23-dddt-9-5727] Oil red O staining on days 8--12 revealed that \>90% of the induced cells had acquired the adipocyte morphology. For quantification oil red O was eluted using 100% isopropanol.

Methyl thiazolyl tetrazolium assays
-----------------------------------

Methyl thiazolyl tetrazolium (MTT) assays were performed to assess cell viability, as described previously.[@b24-dddt-9-5727] Briefly, 3T3-L1 adipocytes in the logarithmic growth phase were collected and adjusted to the appropriate concentration. Then, 100 µL of cell suspension (10^5^/mL) was seeded in triplicate into 96-well plates in the presence or absence of the indicated concentrations of 4-HIL for the specified time periods. After incubation, 20 µL MTT solution (5 mg/mL MTT) was added to each well, and the plates were incubated for an additional 4 hours at 37°C. Next, 150 µL dimethyl sulfoxide was added to each well, and the plates were shaken at a low speed for 10 minutes. Finally, the cell viability was determined colorimetrically at 492 nm using a microplate reader (Thermo Electron Corp., Waltham, MA, USA).

2-DOG uptake
------------

Mature adipocytes were transferred into serum-free DMEM containing 2 g/L bovine serum albumin (BSA) in six-well plates for 12 hours, followed by 10 g/L BSA with 0.6 nM insulin for 18 hours. They were then co-cultured with different concentrations of 4-HIL for another 24 hours.[@b25-dddt-9-5727] Glucose uptake was measured in the treated 3T3-L1 cells as follows. Differentiated 3T3-L1 cells were washed three times in warm Krebs-Ringer HEPES (KRH) buffer, and then treated with 100 nM insulin; 10 µM cytochalasin B was added to some wells as a control. Cells were cultivated for 30 minutes at 37°C, and then 0.5 µCi/mL 2-DOG was added to each well for an additional 10 minutes. The incubation was terminated by placing cells on ice and washing with precooled KRH buffer. Finally, cells were lysed in 0.1% sodium dodecyl sulfate, and the glucose uptake rate was determined using scintillation counting.[@b23-dddt-9-5727]

ELISA
-----

A sandwich ELISA was adopted to detect mouse sTNF-α according to the manufacturer's instructions. Cell culture supernatants were centrifuged for 20 minutes at 2,000 rpm before assaying. After the reaction had been terminated, the color change was detected spectrophotometrically at a wavelength of 450 nm. The concentration of TNF-α in the samples was then determined by comparing the optical density (OD) of the samples with standard curves.

Western blotting
----------------

Fully differentiated 3T3-L1 adipocytes seeded in six-well plates were incubated under indicated conditions for 24 hours. They were then washed three times in precooled phosphate buffered saline, and lysed in radioimmuno precipitation assay lysis buffer supplemented with protease inhibitors and phosphatase inhibitors. The protein concentrations were determined using a bicinchoninic acid (BCA) protein assay reagent kit (Pierce, Rockford, IL, USA). Proteins (50 µg) from each group were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis gels, and electro transferred to polyvinylidene difluoride membranes. Thereafter, the membranes were blocked using 5% low-fat powdered milk in Tris-buffered saline/0.1% Tween-20 (TBST) or with 5% BSA in TBST for 1 or 2 hours at room temperature.

After blocking, the membranes were incubated overnight at 4°C with primary antibodies against *TACE*, *TIMP3*, IRS-1, IRS-2, phospho-IRS-1 Ser^307^, phospho-IRS-1 Ser^318^, Akt, phospho-Akt Ser^473^, GLUT4, and β-actin. The membranes were washed three times each for 1 minute using TBST, and were then incubated with HRP-conjugated secondary antibodies for 1 hour with gentle agitation at room temperature. After washing, the immunoreactive bands were measured using an enhanced chemiluminescence kit and a chemiluminescence system (Bio-Rad, Hercules, CA, USA).[@b26-dddt-9-5727]

Statistical analysis
--------------------

Data are presented as means ± SE. Statistical and graphical analyses were performed using SPSS version 19.0 software. The experimental results were analyzed for statistical significance using analysis of variance where appropriate; *P*\<0.05 was considered to indicate statistical significance.

Results
=======

4-HIL increases glucose uptake in IR-like 3T3-L1 adipocytes
-----------------------------------------------------------

To investigate whether 4-HIL could enhance glucose uptake, fully differentiated 3T3-L1 adipocytes were employed. First, an IR-like cell model was induced using high glucose and insulin, and the changes in 2-DOG uptake rate were measured. Data revealed that stimulation with 25 mM glucose and 0.6 nM insulin for 18 hours reduced the 2-DOG uptake rate of 3T3-L1 adipocytes by 67%, which indicated the presence of an IR-like state.[@b23-dddt-9-5727] However, the addition of 4-HIL for 24 hours corrected the IR-like state, with a peak glucose uptake at 20 µmol/L 4-HIL ([Figure 1](#f1-dddt-9-5727){ref-type="fig"}).

4-HIL inhibits the over-secretion of sTNF-α in IR-like 3T3-L1 adipocytes
------------------------------------------------------------------------

Adipose tissue is an endocrine organ that can produce a number of cytokines, including TNF-α, leptin, resistin, and IL-6, which are all over expressed during obesity and contribute to IR.[@b27-dddt-9-5727] To determine whether 4-HIL could alleviate the inflammatory state of adipocytes by reducing the over-secretion of proinflammatory factors, we measured TNF-α levels in supernatants isolated from IR-like and 4-HIL-treated 3T3-L1 adipocytes. Surprisingly, 4-HIL decreased sTNF-α levels in 3T3-L1 cells in a dose-dependent manner ([Figure 2](#f2-dddt-9-5727){ref-type="fig"}).

4-HIL downregulates *TACE* and upregulates *TIMP3* expression simultaneously in IR-like 3T3-L1 adipocytes
---------------------------------------------------------------------------------------------------------

Because *TACE* and *TIMP3* are the key regulators of sTNF-α levels,[@b28-dddt-9-5727] we next investigated the effects of 4-HIL on *TACE* and *TIMP3* protein expression in 3T3-L1 adipocytes. Data revealed that *TACE* levels were decreased in a dose-dependent manner after treatment with 4-HIL ([Figure 3A](#f3-dddt-9-5727){ref-type="fig"}, upper row). Quantification of the western blots demonstrated that the expression of *TACE* in the H20 group was decreased significantly by 46% compared with the IR-like group ([Figure 3A](#f3-dddt-9-5727){ref-type="fig"}, lower row). Although the mechanism by which *TACE* is activated remains unclear, *TIMP3*, which is a natural competitive inhibitor of *TACE*, plays an important role in vivo. Therefore, we assessed the protein expression of *TIMP3* in 3T3-L1 adipocytes. Compared with the IR-like group, 4-HIL enhanced *TIMP3* protein expression in a dose-dependent manner ([Figure 3A](#f3-dddt-9-5727){ref-type="fig"}, middle row). Specifically, treatment with 20 µM 4-HIL increased *TIMP3* expression by 89% ([Figure 3B](#f3-dddt-9-5727){ref-type="fig"}). Pioglitazone (PIO), a peroxisome proliferator-activated receptor (PPAR)-γ agonist, can alleviate TNF-α-induced IR by specifically blocking the insulin signaling pathway;[@b29-dddt-9-5727],[@b30-dddt-9-5727] therefore, PIO was used as a positive control in this experiment.

The effects of 4-HIL on the insulin signaling pathway in IR-like 3T3-L1 adipocytes
----------------------------------------------------------------------------------

A mechanism by which TNF-α induces IR is by interacting with the insulin signaling pathway. Therefore, we next assessed whether 4-HIL could partially or completely counteract the effects of TNF-α on the insulin receptor and its postreceptor signal transduction pathway. The total protein expression of IRS-1 was low in IR 3T3-L1 adipocytes, but was upregulated by high-dose 4-HIL (H10, H20, and H40 groups), but not low-dose 4-HIL (the H5 group; [Figure 4A](#f4-dddt-9-5727){ref-type="fig"}). Consistent with previous reports, the positive control PIO also increased IRS-1 levels compared with the IR-like group ([Figure 4A](#f4-dddt-9-5727){ref-type="fig"}). We also assessed the phosphorylation of IRS-1 Ser^307^ and IRS-1 Ser^318^, and found that phospho-IRS-1 Ser^307^ was inhibited by 4-HIL in a dose-dependent manner ([Figure 4A](#f4-dddt-9-5727){ref-type="fig"}). However, 4-HIL did not decrease phospho-IRS-1 Ser^318^ levels significantly.

Because Akt plays a major role in connecting PI-3 kinase to GLUT4 in the insulin postreceptor signaling cascade, we next investigated the protein expression of Akt and phospho-Akt Ser^473^. There were no statistically significant differences in the expression of total Akt after incubation with 4-HIL. However, phospho-Akt Ser^473^ levels were reduced by 4-HIL in a dose-dependent manner ([Figure 4B](#f4-dddt-9-5727){ref-type="fig"}).

Finally, GLUT4 protein, which is also a downstream molecule in the insulin signaling pathway, was investigated. Data revealed that 4-HIL increased GLUT4 protein expression markedly in a dose-dependent manner; a 13.6-fold increase was observed in the H20 group compared with the IR group ([Figure 4C](#f4-dddt-9-5727){ref-type="fig"}).

4-HIL does not affect the proliferation or differentiation of 3T3-L1 preadipocytes
----------------------------------------------------------------------------------

To assess the cytotoxicity of 4-HIL, we measured the viability of 3T3-L1 preadipocytes that had been treated with different concentrations of 4-HIL using MTT assays. There was no significant difference in cell viability after 24 hours exposure to 0--200 µM 4-HIL. When we extended the exposure time to 48 hours there were still no detectable cytotoxic effects of 4-HIL, even at a concentration of 200 µM, which had the lowest survival rate of 89.70% ([Figure 5](#f5-dddt-9-5727){ref-type="fig"}).

Finally, we investigated whether 4-HIL influence could affect the differentiation of 3T3-L1 preadipocytes. There was almost no difference in the number of lipid droplets or cell morphology before and 8 days after the addition of 20 µM or 40 µM 4-HIL ([Figure 6A](#f6-dddt-9-5727){ref-type="fig"}). To confirm these observations, we eluted oil red O staining by adding 100% isopropanol to dissolve and quantitatively analyze the lipid droplets. Measuring the absorbance at 490 nm using a microplate reader revealed no differences in the lipid droplet levels among groups ([Figure 6B](#f6-dddt-9-5727){ref-type="fig"}). This suggests that 4-HIL does not affect the differentiation of 3T3-L1 preadipocytes.

Discussion
==========

4-HIL is a plant-derived, nonprotein amino acid with glucose-lowering and lipid-lowering properties. Previous studies revealed that the mechanism of action of 4-HIL involves inhibiting glucose absorption, stimulating insulin synthesis and secretion,[@b18-dddt-9-5727] and activating the insulin signaling pathway.[@b17-dddt-9-5727] Broca et al[@b17-dddt-9-5727] suggested that 4-HIL could improve IR by increasing peripheral glucose utilization and inhibiting hepatic glucose production in Zucker fa/fa rats. 4-HIL was also found to stimulate PI3-K activity in the muscle of diabetic rats. However, the underlying mechanisms of 4-HIL on the insulin signaling pathway have not been studied thoroughly.

The endocrine dysfunction of adipose tissue plays an important role in the pathophysiological progression of obesity to IR and T2DM, and interacts as both a cause and an effect. Meanwhile, IR in adipose tissue can be attributed to many factors. Abundant research has suggested that inflammation and the insulin signaling pathway crosstalk at many levels ([Figure 7](#f7-dddt-9-5727){ref-type="fig"}).[@b31-dddt-9-5727] Some kinases, such as c-Jun N-terminal kinase (JNK), IkB kinase (IKK), and mitogen-activated protein kinase (MAPK), are activated by TNF-α and other inflammatory markers, and then promote insulin receptor and IRS phosphorylation at serine and threonine residues rather than tyrosine. This suppresses IRS to subsequently weaken the downstream signaling cascade.[@b32-dddt-9-5727] Furthermore, TNF-α decreases insulin-stimulated glucose uptake by inhibiting the production and translocation of GLUT4.[@b12-dddt-9-5727] Some studies linked *TACE*, an activator of sTNF-α, to IR. Serino et al noted that *TACE* haploinsufficiency reduced the homeostatic model assessment-insulin resistance (HOMA-IR) index dramatically in HFD-fed *TACE*^+^/^−^ mice.[@b33-dddt-9-5727] Similar preliminary studies have been performed in humans. For example, Monroy et al compared the differences in *TACE* protein and gene expression between subjects with normal glucose tolerance and T2DM patients, and concluded that there were was much higher activity and increased expression of *TACE* in the muscle of T2DM sufferers compared with normal glucose tolerance subjects. These observations were closely related to IR;[@b34-dddt-9-5727] however, the exact mechanism behind these effects was unknown.

Based on the earlier observations, the current study tested the hypothesis that 4-HIL increases insulin-stimulated glucose uptake and thereby improves the IR-like state in 3T3-L1 adipocytes by 1) inhibiting TNF-α production by downregulating *TACE* expression and upregulating *TIMP3* expression and 2) inhibiting the phosphorylation of IRS-1 Ser^307^ and Akt Ser^473^, which are inhibitory molecules in the insulin signaling pathway. We also hypothesized that 4-HIL increases GLUT4 translocation at the cellular membrane ([Figure 7](#f7-dddt-9-5727){ref-type="fig"}). Therefore, we conducted the present study to investigate the effects of 4-HIL on TNF-α-induced IR and the underlying molecular mechanisms in 3T3-L1 adipocytes. First, we demonstrated that 4-HIL increased glucose uptake in IR-like 3T3-L1 adipocytes in a dose-dependent manner ([Figure 1](#f1-dddt-9-5727){ref-type="fig"}). We next investigated the potential molecular mechanisms behind this observation. Data revealed that 4-HIL could reduce the over-secretion of sTNF-α ([Figure 2](#f2-dddt-9-5727){ref-type="fig"}). To gain an insight into the anti-TNF-α mechanisms of 4-HIL, we then measured the protein levels of *TACE* and *TIMP3*, and found that 4-HIL downregulated and upregulated the expression of *TACE* and *TIMP3*, respectively ([Figure 3](#f3-dddt-9-5727){ref-type="fig"}). This subsequently decreased the conversion of mTNF-α to sTNF-α, and thereby blocked TNF-α signal transduction. Therefore, one mechanism underlying the improved IR-like state induced by 4-HIL is by acting on the *TACE*/*TIMP3* system and consequently inhibiting TNF-α. In addition, we explored the effect of 4-HIL on the expression of some key molecules in the insulin signaling pathway. The results demonstrated that 4-HIL suppressed the phosphorylation of both IRS-1 Ser^307^ and Akt Ser^473^, but increased the expression GLUT4 at the tested total protein ([Figure 4](#f4-dddt-9-5727){ref-type="fig"}). Therefore, activation of the insulin signaling pathway is another mechanism underlying the effects of 4-HIL on the improved IR. Finally, we investigated whether 4-HIL improved IR by influencing the differentiation of preadipocytes since PIO promotes preadipocyte differentiation and thereby alleviates IR. In our cellular model, 4-HIL did not affect the differentiation of 3T3-L1 preadipocytes ([Figure 6](#f6-dddt-9-5727){ref-type="fig"}). Moreover, nonspecific effects that might ameliorate the IR-like state, such as cytotoxic effects in adipocytes and a reduced cell number, could be excluded for 4-HIL since the viability of 3T3-L1 preadipocytes that had been exposed to high concentrations of 4-HIL for 48 hours was comparable to the viability of control cells ([Figure 5](#f5-dddt-9-5727){ref-type="fig"}).

Only one previous study has demonstrated that 4-HIL promoted the translocation of GLUT4 without changing the total amount of GLUT4 in skeletal muscle cells.[@b35-dddt-9-5727] This discrepancy might be due to differences in the cell type and the detection methods used in the two studies.

Admittedly, there remain some issues worthy of debate in the current experiment. For example, 4-HIL might inhibit substrates in addition to TNF-α. In addition, it is possible that 4-HIL could also inhibit other members of the ADAM family[@b36-dddt-9-5727] as well as *TACE*. A planned follow-up study will be an in-depth analysis of the influence of 4-HIL on *TACE*/*TIMP3* mRNA expression and *TACE* activity, and also confirm the present findings in vivo.

Conclusion
==========

In conclusion, the current study demonstrated that 4-HIL could improve the IR-like state in 3T3-L1 adipocytes by 1) suppressing the activation of TNF-α and hence indirectly increasing glucose uptake and 2) activating insulin signal transduction and thereby directly stimulating glucose uptake. This novel finding provides novel insights to enhance our understanding of the mode of action of 4-HIL toward improving the IR-like state.
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![The effects of high glucose, insulin, and different concentrations of 4-HIL on insulin-induced 2-DOG uptake in 3T3-L1 adipocytes.\
**Notes:** Another group was treated with only 10 µM cytochalasin B (data not shown) to measure the nonspecific uptake of 2-DOG (background). Each value in the figure was subtracted from the background value. Data represent the mean ± SE of three duplicate experiments (n=3). \*\**P*\<0.01 vs control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 vs the IR group.\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; 2-DOG, 2-deoxy-\[^3^H\]-[d]{.smallcaps}-glucose; IR, insulin resistance; con, control; SE, standard error.](dddt-9-5727Fig1){#f1-dddt-9-5727}

![The concentration of released sTNF-α in IR-like 3T3-L1 adipocytes, as measured using ELISA.\
**Notes:** PA, palmitic acid (*TACE* activator); used as a positive control. The samples analyzed were cell supernatants, and three replicate wells were assayed per group. Data are presented as the mean ± SE of three experiments (n=3). ^\#^*P*\<0.05 vs the IR-like group.\
**Abbreviations:** sTNF-α, soluble tumor necrosis factor-α; IR, insulin resistance; *TACE*, TNF-α converting enzyme; con, control; 4-HIL, (2S,3R,4S)-4-hydroxyisoleucine; SE, standard error.](dddt-9-5727Fig2){#f2-dddt-9-5727}

![The effect of 4-HIL on the *TACE*/*TIMP3* system in IR 3T3-L1 adipocytes.\
**Notes:** Cells were incubated with the indicated concentrations of 4-HIL or 10 µM PIO for 24 hours, and then total proteins were extracted and analyzed by immunoblotting for *TACE* and *TIMP3*. The same blot was then stripped and reprobed with anti-β-actin antibody to ensure equal protein loading (**A**). PIO was used as a positive control. The figure shows a representative gel from one experiment. The values are presented as the mean ± SE of three independent experiments. \*\**P*\<0.01, \*\*\**P*\<0.001 vs the IR-like group (0 µM 4-HIL) for *TACE* protein expression; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001 vs the IR-like group (0 µM 4-HIL) for *TIMP3* protein expression (**B**).\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; *TACE*, TNF-α converting enzyme; *TIMP3*, Tissue inhibitor of metalloproteinase 3; IR, insulin resistance; PIO, pioglitazone; SE, standard error.](dddt-9-5727Fig3){#f3-dddt-9-5727}

![The effect of 4-HIL on the insulin signaling pathway in IR-like 3T3-L1 adipocytes.\
**Notes:** The cells were treated with 4-HIL for 24 hours, lysed, and then analyzed using immunoblotting for key proteins involved in the insulin signaling pathway. Representative blots and quantitative bar graphs for the expression of IRS-1 and P-IRS-1 (Ser307) (**A**), Akt and P-Akt (Ser473) (**B**), and GLUT4 (**C**) in 3T3-L1 adipocytes treated with different concentrations of 4-HIL are shown; PIO was used as a positive control. The figure shows a representative gel from one experiment. The values are presented as the mean ± SE of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the IR-like group (0 µM 4-HIL) for the expression of IRS-1; ^\#\#\#^*P*\<0.001 vs the IR-like group (0 µM 4-HIL). P-IRS-1 (Ser307), phospho-IRS-1 Ser^307^; P-Akt-1 (Ser473), phospho-Akt Ser^473^ for the expression of P-IRS-1 (Ser307).\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; PIO, pioglitazone; IR, insulin resistance; IRS-1, insulin receptor substrate-1; GLUT4, glucose transporter-4; SE, standard error.](dddt-9-5727Fig4){#f4-dddt-9-5727}

![The viability of 3T3-L1 preadipocytes after exposure to different concentrations of 4-HIL for 48 hours.\
**Note:** Data are presented as the mean ± SE of three independent experiments.\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; SE, standard error.](dddt-9-5727Fig5){#f5-dddt-9-5727}

![Effects of 4-HIL on the differentiation of 3T3-L1 preadipocytes.\
**Notes:** A cell differentiation inducer (adipogenic cocktail) was added on day 0, and 4-HIL was added on day 4. Cell culture was terminated on day 8 by incubation with a filtered oil red O solution for 30 minutes at room temperature followed by washing with 70% ethanol; the solution was then dissolved in DMSO. For quantification, oil red O was eluted by the addition of 100% isopropanol. Cell morphology on day 4 (**Ai**, preadipocytes), day 8 (**Aii**), day 8 with 20 µM 4-HIL (**Aiii**), and day 8 with 40 µM 4-HIL (**Aiv**) is shown. The latter three pictures on day 8 reveal that the cells were rounded with intracellular fat droplets; therefore, they were mature or fully differentiated 3T3-L1 adipocytes. (**B**) Lipid droplet quantification on day 8. Nor, without the differentiation inducer; Con, with the differentiation inducer. Data are presented as the means ± SE of three independent experiments. \**P*\<0.05 vs the Nor group.\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; DMSO, dimethyl sulfoxide; OD, optical density; con, control; Nor, normal.](dddt-9-5727Fig6){#f6-dddt-9-5727}

![The targets of 4-HIL action identified in the current study.\
**Notes:** The role of 4-HIL in the crosstalk between the inflammatory cytokine TNF-α and the insulin signaling pathway can be described using the following five key steps: (a) the down regulation of TNF-α-converting enzyme (*TACE*) expression; (b) inhibiting the phosphorylation of IRS-1 at Ser^307^; (c) inhibiting the phosphorylation of Akt at Ser^473^; (d) the upregulation of glucose transporter-4 (GLUT4) expression at the cellular membrane.\
**Abbreviations:** 4-HIL, (2*S*,3*R*,4*S*)-4-hydroxyisoleucine; TNF-α, tumor necrosis factor-α; IRS-1, insulin receptor substrate-1, PPAR, peroxisome proliferator-activated receptor; PIO, pioglitazone; sTNF-α, soluble TNF-α; TNFR-I, tumor necrosis factor-α receptor I.](dddt-9-5727Fig7){#f7-dddt-9-5727}
